The heat capacity of a free cluster has been determined from the temperature dependence of its photofragmentation mass spectrum. The data for the spherical sodium cluster Na 1 N , with N 139, show a maximum at 267 K, which is interpreted as the solid-to-liquid phase transition in this finite system. The melting point lies 104 K, or 28% lower than that of bulk sodium. The latent heat of fusion is reduced by 46%.
The solid-to-liquid phase transition of finite sized systems differs in three main respects from that of its macroscopic limit: (1) The melting point decreases with decreasing particle size, (2) the phase transition is spread over a finite temperature range, and (3) the latent heat of fusion is reduced [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The problem of what remains of the bulk phase transition for finite systems has attracted a lot of experimental [1] [2] [3] [4] [5] and theoretical [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] interest. The reduction in melting temperature had been already observed by Pawlow [4] in 1909. It has been experimentally verified several times for supported clusters [1] [2] [3] and has been seen in many computer simulations [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The physical reason for the decrease in the melting point can be qualitatively understood in terms of the Lindemann criterion [18] , which states that bulk matter will melt if the thermal fluctuations of the internuclear distance become larger than 10% to 15%. Assuming that a similar relation holds for clusters, one can argue that the many atoms on the cluster's surface are less constrained in their thermal movement, allowing larger fluctuations, which leads to a lower melting point. More formally correct arguments can be found in Refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The reduction of the latent heat of fusion can be seen in numerical simulations [8, 9] and has only very recently been experimentally observed for small Sn particles supported on an inert substrate [3] . The free sodium clusters studied here have a diameter of ϳ22 Å. They are about a factor of 5 smaller and contain over a factor of 100 fewer atoms than the smallest particle studied in Ref. [3] . Furthermore, a free particle in vacuum instead of one in contact with a surface is studied here.
A direct way to diagnose a phase transition is to look for some special feature of the heat capacity c͑T ͒, which is defined as the partial derivative of the internal energy U U͑T ͒ with respect to the temperature T:
In the temperature range considered here, the bulk internal energy U͑T͒ is a nearly linear function of the temperature [see Fig. 1(a) ], save for an abrupt jump at the melting temperature T melt 371 K. Its magnitude is the latent heat of fusion, which is the energy needed to destroy the crystalline lattice at T melt . The bulk heat capacity c͑T ͒ [see Fig. 1(b) ] is thus only weakly temperature dependent in this temperature range, save for a delta function at T melt . The smoothing of the phase transition in finite sized particles has been calculated as in Ref. [14] , and the results are included in Figs. 1(a) and 1(b), while in Fig. 1 (c) the heat capacity of bulk sodium is compared to that of Na 1 139 , which has been determined as described below. The peak of the experimental curve is interpreted as the melting point, which occurs at a lower temperature than the bulk one, as expected.
We do not know of any earlier experiment where the heat capacity near the solid-liquid phase transition was determined for a free cluster. Calculations of the heat capacity exist for smaller sodium clusters than those studied here [10, 11] . Also, the heat capacities and caloric curves have been simulated for Cu and Au clusters [12, 13] . Experimentally, melting of large sodium clusters (10 3 to 10 4 atoms per cluster) has been studied earlier [19] . Melting has also been deduced earlier from changes in the spectral characteristics of free clusters composed of a large molecule embedded in rare gas atoms [7, 8] . For small sodium clusters ͑n # 15͒ the temperature dependence of the optical spectrum was measured as reported earlier [20] . No spectral feature due to a phase transition could be identified, although a thorough search was made by measuring the optical spectra every 20 K [21, 22] . The heat capacity of free Fe, Co, and Ni clusters was determined in a study of the ferromagnetic phase transition [23] .
The basic process used to measure the heat capacity is the temperature dependence of the photofragmentation pattern of a size selected cluster ion:
where n photons are absorbed sequentially, and x neutral sodium atoms are emitted [24] . The number x x͑T, n͒ can be easily determined from the experiment described below. The total energy of Eq. (2) can be written as
There are two ways to increase U ‫ء‬ ͑T , n͒ and thus the number of ejected atoms: (1) One can directly add an amount of energy dU by changing the number or the energy of the photons absorbed. (2) One can heat the cluster before laser irradiation, thus changing its temperature by dT. If dU and dT are chosen such that the number of additionally ejected atoms is the same, one has U͑T 1 dT͒ U͑T͒ 1 dU. The heat capacity can then be calculated by replacing the differentials in Eq. (1) by the finite differences dU and dT.
In other words, the cluster itself is used as an ultrasensitive calorimeter. Energy is supplied either thermally or by photons (E hv ഠ 10 218 J). That the same internal energy is reached is monitored by the number of ejected atoms.
Two experimental tools are needed in order to measure the heat capacity in this way: First, a beam of cluster ions of known and variable temperature has to be produced, as shown in Fig. 2 . The clusters are thermalized by 10 5 to 10 6 collisions with the He buffer gas. They acquire a canonical distribution of internal energy, which they retain once they leave the thermalization chamber through a 6 mm hole [20, 25] . Second, a tandem time-of-flight mass spectrometer (see Fig. 3 ) is used to measure the FIG. 2. Temperature controlled cluster ion source. Helium gas is flowing into a liquid nitrogen cooled aggregation tube (AT). Sodium is evaporated from a small container. Charged particles are produced by a hollow cathode gas discharge (HCD), using the Na container as cathode. Clusters, which probably grow preferentially around the charged particles, are transferred through a first diaphragm (D1) into the thermalization chamber (TC), the temperature of which can be varied between 35 and 600 K. REF closed cycle refrigerator. The cluster pass through D2 and a skimmer (SK) into the next vacuum chamber containing TOF1, as shown in Fig. 3 . photofragment mass spectra in steps of 1 K between 100 and 450 K at a fixed photon energy. Care was taken as to change U͑T͒ as little as possible on the way between source and laser interaction [21] .
Four mass spectra are shown schematically in Fig. 4 . The top figure shows a spectrum without photon interaction. Only the cluster mass selected by TOF1 is visible [25] . The photon energy is chosen such that four neutral atoms are ejected per photon. At temperature T 1 the first three peaks to the left of the initially selected cluster result from the absorption of a certain number, say n, of photons. The width of the mass distribution stems from the thermal distribution of the selected cluster ion and the statistical nature of the fragmentation process. The next group of three masses results from the absorption of n 1 1 photons, etc. Increasing the cluster temperature results in additional evaporated atoms. The distributions shift to smaller cluster sizes, as indicated by the arrows in Fig dT T 3 2 T 1 is consequently the same as that of an additional photon energy dU hv. Figure 5 shows the experimental intensity of one photofragment (Na 1 N , with N 136, i.e., x 3 sodium atoms lost) as a function of the initial cluster temperature. A maximum in this plot means that one of the maxima seen in Fig. 4 has reached this photofragment. A minimum, on the other hand, implies that the selected mass is exactly in between two such distributions. The energetic difference between maximum and minimum is consequentlyhv͞2. The mean heat capacity in the temperature range between maximum and minimum can now be deduced by dividing the energetic by the thermal difference:
with T ͑T 1 1 T 2 ͒͞2. This procedure is repeated for all maxima and minima of the many observed cluster fragments. Note that there are no adjustable parameters in this procedure. The cluster Na 1 139 was chosen for this exploratory study. It has 138 valence electrons and is thus spherically symmetric in the jellium approximation, which should be rather good for this cluster size [26] . The experimental result for the heat capacity is shown in Fig. 1(c) .
There is one assumption inherent in this procedure, namely that the photon-induced excitation relaxes completely into a statistical equilibrium before an atom is ejected. Otherwise, the number of ejected atoms would not only depend on U ‫ء‬ , i.e., the sum of the two terms in Eq. (3), but explicitly on their relative magnitudes. The validity of the assumption was checked by using two different photon energieshv 2.7 and 3.1 eV. This gives different dT values in Fig. 5 and Eq. (4) but the same experimental result, within experimental error [21] .
The width of the c͑T ͒ curve is only slightly broadened by using the finite differences of Eq. (4), instead of the differentials in Eq. (1) . The values for dT can be read off Fig. 5 , and assuming that c͑T͒ is given by a Gaussian in the neighborhood of the melting point, c q exp͓2͑T 2 T melt ͒ 2 ͞2D 2 ͔͑͞D p 2p͒, one can unfold the data. This gives the solid curve in Fig. 1(c) , which very nearly goes through the data points. From a fit one obtains q 1.98 eV and T melt 267 K. The experimentally determined width of the phase transition (D 12.6 K) is 4.7 K larger than that calculated from the bulk value prediction given in Fig. 1(b) . This additional broadening is probably caused by the reduction of the latent heat, since the width of phase transitions in finite systems depends on the latent heat [9, 21] .
The experimentally determined melting point is shifted by 104 K, or 28%, to lower temperatures compared with the bulk melting point. The integral of the experimental curve ͑q 1.98 eV͒ is equal to the latent heat. It is smaller than the bulk value (3.69 eV), since the cohesive energy has not yet reached its bulk value for these cluster sizes [24] . The caloric curve U͑T ͒ was calculated by integration of c͑T ͒. The integration constant was chosen by extrapolating the heat capacity down to 0 K, in analogy to the bulk curve. The result is included in Fig. 1(a) . Measurements on other sizes of sodium clusters are in progress, and will be published elsewhere [21] . The combined statistical and reproducibility error for T melt is 62 K, while it is 61.5 K and 60.15 eV for D and q, respectively.
In summary, a calorimetric method has been described which allows the measurement of the heat capacity of a free, mass selected cluster. A beam of cluster ions is generated, which has a canonical distribution of internal energy. One cluster size is selected, irradiated by photons of known energy, and the photofragmentation mass spectrum is measured as a function of cluster temperature. Using Eq. (4) one can determine the temperature dependence of the heat capacity. This was done for the spherically symmetric sodium cluster Na 1 139 , and a reduction of the melting point by 28%, compared to the bulk value, is observed. The latent heat of fusion is reduced by 46%, while the width of the solid-to-liquid transition is increased by 59% with respect to a bulk like system consisting of 139 atoms.
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